We investigate translocation dynamics of a vesicle cell under collision with a Janus or a homogeneous hydrophobic/hydrophilic nanoparticle. To this end, we perform dissipative particle dynamics simulation by setting the nanoparticle with different initial velocities, different chemical patterns of the surface for the nanoparticle, and different orientations (for the Janus nanoparticle). Particular attention is given to translocation dynamics, in-cell water discharge, and the late-stage morphologies of the vesicle/ nanoparticle system after the collision. We observe three late-stage states for the Janus nanoparticle, and four late-stage states for the homogeneous nanoparticles. We find that the late-stage state and the associated dynamical pathway not only depend on the relative velocity but also on the chemical pattern of the nanoparticle surface, as well as on the orientation of the incident Janus nanoparticle. We have examined the time-dependent mean radius of the vesicle, the number of in-cell water beads lost from the vesicle, as well as the collision-induced pore size on the lipid membrane during the course of collision. Our simulation provides microscopic insights into the resilience of the vesicle-cell membrane and dynamical behavior of the vesicle under the attack of a foreign nanoparticle. Knowledge and insights gained through the simulation will have implication to the drug delivery with different chemical coatings.
Introduction
A unilamellar vesicle is a micro-spherical organelle enclosed by a lipid bilayer. When prepared articially, it can be viewed as a model liposome. Vesicles have attracted considerable attention not only due to their biological and medical implications but also their application in food and cosmetic industry. Moreover, vesicles may be exploited as a carrier for drug or gene delivery [1] [2] [3] [4] owing to their novel properties such as low toxicity, low antigenicity, and metabolizability in vivo, among others. House et al. 2 demonstrated that the size of vesicles can be controlled by using patterned substrates. Gözen et al. 4 showed two rupture mechanics in bilayer membranes that depend on the stress, i.e., oral and fractal membrane rupture. An improved understanding of the vesicle-size controlling, nanoparticle translocation, and dynamic behavior of membrane rupture under the attack of a nanoparticle is of both fundamental and practical importance for the design of effective carriers for drug and gene delivery, as well as the nano-and micro-reactor. For the application of articial vesicles, a fundamental issue that requires more attention is the understanding of the chemical interaction between a vesicle and surrounding media and the resilience of the vesicle membrane under the attack by different foreign nanoparticles.
Recent developments in nanofabrication and synthesis strategies afford nanoparticles with controlled size, chemical pattern, and structure in large quantities. [5] [6] [7] [8] Among them, the Janus nanoparticle is a special anisotropic nanoparticle, dened as having two or more distinct functional surface regions. With two distinct chemical and/or physical sections distributed among different surface regions of a single particle, new characteristics arise for the Janus nanoparticle systems, compared with homogeneous nanoparticle systems. To some extent, Janus nanoparticles bear certain resemblance to amphiphilic molecules such as DNA, peptides, and surfactants. Huang et al. 9 studied the effect of Janus nanoparticles on the phase separation dynamics of the polymer blends using simulation. They showed that the domain growth can be inhibited by Janus nanoparticles, and the domain size is less than that of the homogeneous nanoparticle. Alexeev et al. 10 carried out a simulation of the pore membrane with Janus particles. They show that the Janus particles introduce a controllably "re-sealable" pore in the membrane by diffusing to the edge of the hole and form a stable pore. Yue and Zhang 11 investigated how a membrane responds to adsorption of the ligand-coated Janus nanoparticle. They demonstrated that the membrane response depends on the size of the nanoparticle, area density of ligand coating on the nanoparticle, and membrane tension. Ding and Ma 12 studied the interaction between Janus nanoparticles and the bilayer membrane and reported two distinct late-stage states for the Janus nanoparticle, namely, the insertion and engulfment. Indeed, there has been a notable surge on the modeling study of nanoparticle-membrane interaction since 2010. [13] [14] [15] [16] [17] [18] However, to our knowledge, the collision dynamics between the vesicle and the Janus nanoparticle, which includes the breaking and reform process for the vesicle membrane and possible release of in-cell water, has not been investigated from computer simulation. As articial liposomes and articial blood vessels will be increasingly used in the future, studies of the interaction between a vesicle and a foreign particle through computer simulation will be valuable. In this article, we perform a comprehensive dissipative particle dynamics (DPD) simulation 19, 20 to investigate detailed collision and translocation processes between the vesicle and either a Janus or a homogeneous nanoparticle. Particular attention is given to the translocation dynamics, discharge of in-cell water, and latestage metastable morphologies of the vesicle/nanoparticle system aer the collision under different initial relative velocities. In our simulation, typical velocities (excluding the initial speed) are in the range of 10 À2 to 10 À1 m s À1 , as used in a previous simulation study for the translocation of the nanoparticle.
14 Such a wide range of initial velocities allow us to examine a variety of phenomena, such as a nanoparticle fully penetrating through a vesicle membrane in a high-speed limit and a nanoparticle bouncing back from the outer membrane in a low-speed limit. Hence, this study not only has practical implications to nanouidics of drug or gene delivery, but also is of relevance to the fundamental chemistry of the interaction between the nanoparticle and the vesicle and the discharge of the in-cell object.
Simulation method and model
We employ the DPD simulation method to study the collision dynamics between the Janus or homogeneous nanoparticle and the vesicle. DPD simulations involve the use of coarse-grained beads, each composed of a group of atoms or molecules. As such, the DPD method is a computationally more efficient simulation tool over classical molecular dynamics for the study of dynamical behavior of the complex uid at the mesoscopic level. The DPD method has been used by many researchers on a wide range of complex uid problems, for example, polymer melts/blends, [21] [22] [23] self-assembly of the surfactant, 24-26 fusion of the membrane and vesicle, 27,28 among others. In this method, each DPD bead obeys the Newton's equation of motion,
where m is mass, v the velocity, and f the force. Three types of forces can act on the beads: conservative force F C ij , dissipative force F D ij , and random force F R ij . The conservative force is weakly repulsive and is given by
where r ij ¼ r j À r i and |n ij | ¼ r ij /|r ij |. Here, a ij is a parameter to determine the magnitude of the repulsive force between particles i and j, and r C is the cutoff distance. The dissipative force and random force are given by
and
where v ij ¼ v j À v i , s the noise parameter, g the friction parameter, and z ij the random number based on the Gaussian distribution. Here u D and u R are r-dependent weight functions given by
The temperature is controlled through the combination of dissipative and random forces. The noise parameter and friction parameter are related to each other by the uctuation-dissipation theorem in the following equation
where k B is the Boltzmann constant and T is the temperature. In this study, we adopt a spring force F S ij as
where r S is the equilibrium bond distance to represent the bond between DPD beads in the lipid molecule, and C is the spring constant. Fig. 1 displays the model system and different initial orientations for the Janus nanoparticle. The Janus nanoparticle is composed of hydrophobic and hydrophilic DPD beads on a diamond lattice with a lattice constant a ¼ 0.78 nm. All DPD beads within the nanoparticle are treated as a rigid body using the rattle constraint algorithm. 29 The diameter of the nanoparticle is 6.25 nm. The reason is that we expect it to be used as a carrier in the drug delivery system (DDS). The surface of a nanoparticle can be decorated with a ligand, an antibody, and other materials. The size of the nanoparticle for DDS is typically about 4-8 nm. 30, 31 We dene the orientation vector direction of the nanoparticle from the pole of the hydrophilic side to the pole of the hydrophobic side as shown in Fig. 1 . Each Janus nanoparticle consists of 2149 DPD beads: 1024 are hydrophobic (labeled by the letter A) and 1125 are hydrophilic (labeled by the letter B).
The vesicle consists of 3024 lipids. We adopt the lipid model of Yamamoto and Hyodo, which was applied to study spontaneous formation of the vesicle. 32, 33 The thickness of the membrane is about 3 nm, and the ip-op rate is about 1.1 ms À1 , consistent with the simulation results for a cholesterol ip-op in membranes. 34, 35 In addition, the estimated bending modulus, k $ 7.9 k B T, and the area per molecule A m $ 1.1 nm 2 are in very good agreement with the experimental values for lipid membranes. 36, 37 Each lipid is composed of four DPD beads. One of them is a hydrophilic head group (labeled by H), and the others are hydrophobic tail groups (labeled by T). The water bead (or monomer) is labeled by the letter W. The interaction between any two beads in the solution is described by
We note that several improved membrane models have been proposed by other researchers. For example, Shillcock and Lipowsky constructed a membrane model to which the bending potential is applied to amphiphiles so that the membrane area stretch modulus and bending rigidity are consistent with experimental values for typical lipid bilayers. 27, 38 Meyer et al. proposed a DMPC bilayer model containing cholesterol for simulation using a hybrid dissipative particle dynamics/Monte Carlo method. 39, 40 This model assumes that the hydrophobic mismatch between the cholesterol and the DMPC hydrophobic tails is an important parameter for regulating the cholesterollipid interactions. Relative lengths of hydrophilic and hydrophobic sections in the cholesterol molecule are properly described in this model. Both models, however, require high computation cost due to the adoption of the bending potential and a lipid composed of many DPD beads. In the present study, we perform some hundreds of simulations to achieve a sensible statistical average. Therefore, a relatively simple model is employed here to lower the computation cost, and also to gain insights into the interaction between the vesicle-cell membrane and the nanoparticle, as well as into generic properties not directly related to a membrane model. Actually, we have conrmed that our representative results are qualitatively in agreement with that in the improved membrane model.
In our simulation, the total number of beads is 110 156, among which 12 096 beads are lipid molecules, 2149 beads are the nanoparticles, and the remaining beads are water. The volume of the simulation box is 37.5 Â 37.5 Â 50 nm 3 . The r S is set at 1.075 nm and the spring constant C at 100 k B T/r C 2 . The cutoff radius r C is based on the length unit in the DPD. The method by Ding et al. for scaling the length and time units is adopted, 12,13 which takes into account the thickness of the bilayer and the diffusion constant of lipids. The noise parameter s is set to 3.0 and the friction parameter g is set to 4.5. The periodic boundary condition is applied in all three dimensions. All simulations are performed in the constant volume and constant temperature ensemble. We adopt the Lowe's scheme 41 to integrate the equation of motion.
A Mean radius of the vesicle
The mean radius of a vesicle R v is computed through the following procedure: we focus on an innermost bead of a vesicle, which is a terminal tail bead of the lipid molecules. We calculate the distance between the center of mass of the vesicle and each innermost bead, and then average all the distances (d 0 ). Next, we plot end-to-end distance distribution of lipid molecules (Fig. S1a †) . The radius of the vesicle is dened by the sum of the maximum value (d ee ) in the end-to-end distribution and the averaged distance d 0 (i.e., R v ¼ d ee + d 0 ). The maximum value in the lipid end-to-end distribution is little changed in the collision process. Hence, we view it as a constant (2.22 nm in this study).
B Water beads inside the vesicle and pore size
To monitor time variation of water beads, we need to compute the number of water beads, N w0 , inside a vesicle at t ¼ 0. N w0 is computed by counting the number of water beads whose distance from the center of mass of the vesicle is less than R v (Fig. S2a †) .
During the collision between the nanoparticle and vesicle, pores are created on the surface of the vesicle. The pore is more or less normal to the z-axis, since the nanoparticle always gets into a vesicle along the z-axis. First, the number prole of beads N(z) is computed by dividing the simulation box into thin slices. We consider only the vesicle and initial in-cell water beads. We plot N(z) with the center of mass of the vesicle at z ¼ 0 in the horizontal axis (Fig. S2b †) . Then, we count the number of water beads (N out ) that are located outside a vesicle. The number of water beads inside a vesicle, N w , is dened as N w0 À N out . Note that N w cannot be estimated by the distance from the center of mass of the vesicle because the vesicle can be highly deformed during the collision.
The size of the pore A pore on the vesicle surface is computed via the following procedure: the pore can occur either on the upper hemisphere (rst-contact membrane layer) of the vesicle, and sometimes on the lower hemisphere with a high-speed nanoparticle. The nanoparticle always gets into the vesicle along the z-axis. When the pore is created on the surface, a local density near the pore edge should be lower. We compute the local density of the tail beads only. The edge of the pore is dened such that the local density at the edge is less than 70% of the average local density. Once all edge beads are identied, we can calculate the center of mass of these edge beads in the x-y plane. The distance between the center of mass and each edge bead is then averaged and is approximated as the average radius of the pore, R pore . The size of the pore is estimated by A pore $ pR pore .
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Results and discussion
A Possible late-stage states
In the DPD simulations of a collision between a nanoparticle and a vesicle (Fig. 1a) , we consider three different orientations for the Janus nanoparticle ( Fig. 1b1-b3 ), two types of the homogeneous nanoparticle ( Fig. 1b4 and b5) , and forty different initial velocities V 0 (0.257-1.626 m s À1 ) to examine the effect of the collision angle, chemical nature of the nanoparticle, and relative velocity. In all DPD simulations, the nanoparticle is initially located at a distance 8 nm from the vesicle (Fig. 1a ). An external force is then applied to the nanoparticle in the negative z-direction. In the simulations involving the Janus nanoparticle, three late-stage states are observed (see Fig. 2a1-a3 ). When the initial velocity of the nanoparticle is relatively slow (V 0 < $0.4 m s À1 ), the Janus nanoparticle bounces back to the solution ( Fig. 2a1 ) aer colliding with the vesicle. The vesicle behaves effectively like an elastic band. We name this late-stage state as the "detachment" state. The detachment state also arises when the incoming nanoparticle has an initial speed V 0 > 1.5 m s À1 . In the high speed limit, the Janus nanoparticle can fully penetrate the whole vesicle regardless of the orientation of the nanoparticle. Transient pores are formed when the nanoparticle passes through the vesicle. At the late stage, the spherical lipid membrane recovers. In this case, we still name the late-stage state as the "detachment" state. The other two late-stage states arise for the initial velocity 0.4 < V 0 < 1.5 m s À1 , in which the Janus nanoparticle remains either fully or partially inside the vesicle. In both cases, the Janus nanoparticle always occupies a portion of the lipid membrane. If the hydrophobic side of the Janus nanoparticle is inside the lipid while its hydrophilic side is in contact with the outer water, we name this late-stage state as the "outer surface" (or outer-insertion 12 ) state (Fig. 2a2) . If the hydrophilic side is in contact with the in-cell water (enclosed by the lipid membrane), we name this state as the "inner surface" (or inner-insertion) state (Fig. 2a3) . Which of the two late-stage states is selected depends on the initial velocity and initial orientation of the Janus nanoparticle.
For the system involving a homogeneous nanoparticle, however, four late-stage states are observed aer the collision. One of the four is still the detachment state for the initial velocity V 0 being either very slow or very fast. For the system with the hydrophobic homogeneous nanoparticle, two late-stage states are named as "bi-interface" (Fig. 2b1 ) and "interface embedded" (or engulng 12 ) (Fig. 2b2) . The bi-interface state arises for 0.2 < V 0 < 0.75 m s À1 or 1.08 < V 0 < 1.47 m s À1 . In this state, the nanoparticle settles in the middle of the lipid membrane with its partial surface exposing to the outer and in-cell water. On the other hand, the interface-embedded state arises for 0.75 < V 0 < 1.08 m s À1 , for which the nanoparticle enters into the in-cell water enclosed by the lipid membrane and then moves randomly within the vesicle. Eventually, the nanoparticle is fully embedded (engulfed) by the lipid membrane, a likely metastable state for the nanoparticle. For the system involving the homogeneous hydrophilic nanoparticle, only two late-stage states are observed, i.e., either the "capsule" state ( Fig. 2c) for 0.7 < V 0 < 0.94 m s À1 or the detachment state otherwise.
B Dynamic behavior and the pathway towards the late-stage state
Next, we study the effect of the initial velocity (B1-B3), surface chemistry (including homogeneous hydrophobic, homogeneous hydrophilic and Janus nanoparticles) (B4), and the orientation of the Janus nanoparticle (B5) on the dynamic behavior and the pathway towards various late-stage states aer the collision. B1 Detachment state for the hydrophilic nanoparticle. membrane of the vesicle for a short period of t < 0.2 ms, and is then bounced back to the outer water due to resilience of the membrane. This pathway (labeled as rebound) to the detachment state is seen for V 0 < 0.4 m s À1 with the hydrophilic nanoparticle (Movie S1 †). For 0.4 < V 0 < 0.7 m s À1 , the nanoparticle undergoes a different pathway towards the detachment state. The nanoparticle rst intrudes partially into the inner water region of the vesicle (see green curve at t $ 0.2 ms in Fig. 3 ), and is then gradually pushed out of the vesicle. A pore is le on the surface of the vesicle aer the nanoparticle is expelled from the vesicle (Movie S2 †). This expulsion pathway is also observed for 0.98 < V 0 < 1.22 m s À1 . For the latter, the nanoparticle passes through the lipid membrane of the vesicle and the inner water region, and then penetrates partially to the opposing lipid layer of the vesicle. Eventually, the nanoparticle is pushed out of the vesicle, and leaves a pore on the opposing lipid layer. For the relatively high initial velocity V 0 > 1.22 m s À1 (see red curve in Fig. 3 ), the nanoparticle can fully penetrate through both the rst and the opposing lipid layers of the vesicle and leave behind a highly deformed vesicle within a short period (t $ 0.15 ms). Eventually, the spherical membrane of the vesicle is recovered. A tiny micelle is occasionally taken out from the vesicle aer the passage of the nanoparticle through the vesicle (see the snapshot at t $ 2.1 ms and Movie S3 †). This pathway to the detachment state is labeled as penetration. Note that the orientation of the nanoparticle is fairly irregular along all three pathways. B2 Bi-interface state for the hydrophobic nanoparticle. (see blue curve in Fig. 4 ), the nanoparticle undergoes the "rebound" pathway towards the bi-interface state as in the case of the hydrophilic nanoparticle. During the collision, the hydrophobic nanoparticle slightly intrudes into the lipid membrane, and then remains in contact with the outer surface of the membrane for t $ 1.5 ms. Because of favorable interaction between the hydrophobic groups of the lipid membrane with the hydrophobic nanoparticle, the nanoparticle gradually merges into the lipid membrane and reaches the bi-interface state (Movie S4 †). We name this pathway as the drag-in, which can be observed for 0.2 < V 0 < 0.48 m s À1 and for 1.07 < V 0 < 1.18 m s À1 . For the latter, the nanoparticle eventually merges into the opposing lipid layer aer penetrating through the rst contact lipid layer. Red curves in Fig. 4 describe another new pathway for 1.18 < V 0 < 1.48 m s À1 (named as the retraction pathway) towards the bi-interface state. In this pathway, the nanoparticle rst penetrates through the rst contact lipid layer, then passes through the in-cell water region and then almost penetrates through the opposing lipid layer. However, some lipid molecules can be adsorbed on the surface of the nanoparticle aer the contact with the opposing lipid layer (see the snapshot at t $ 0.20 and 0.73 ms). These adsorbed lipid molecules effectively act as a spring that can drag the nanoparticle back to the middle of membrane (Movie S5 †). A similar pathway is observed for 0.48 < V 0 < 0.73 m s À1 except that the nanoparticle is embedded in the rst contact lipid layer. For V 0 > 1.48 m s À1 , the nanoparticle along with adsorbed lipid molecules can break away from the vesicle and reach the detachment state. B3 Outer-surface state for the Janus nanoparticle. Fig. 5 shows time-dependent morphology, velocity of the Janus nanoparticle V NP in the z-direction, and relative distance between the nanoparticle and vesicle Z towards the outer-surface state. Here, the hydrophilic side of the Janus nanoparticle faces the vesicle initially (Fig. 1b1) À1 . Fig. 6 shows time-dependent morphology, velocity of three different nanoparticles V NP in the z-direction, and relative distance between a nanoparticle and the vesicle Z through the capsulation pathway. The three nanoparticles entail different surface chemical nature: hydrophobic, hydrophilic, and Janus. The initial orientation of the Janus nanoparticle is shown in Fig. 1b2 . The initial velocity V 0 ¼ 0.81 m s À1 is the same in all three cases. Here, the capsulation pathway is dened as the following: aer the collision, the nanoparticle is trapped in the in-cell water of the vesicle for relatively long time but can still move around within the vesicle. The orientation vector of the nanoparticle in the late stage appears to be unchanged as cos q approaches to 0 in all cases (the lower panel in Fig. 6 ). For the hydrophobic nanoparticle, a transient state of "lipidspring" occurs at t $ 0.2 ms due to the adsorption of lipid molecules on the surface of the nanoparticle. This lipid-spring breaks down when overstretched beyond 6.7 nm (a distance depending on the solubility of lipid molecules, curvature of the vesicle, and the surface area of nanoparticle). Thereaer, the nanoparticle uctuates within the vesicle for relatively long period of time ($5 ms for the longest time). At a later stage, the hydrophobic nanoparticle arrives at the interface embedded state (Movie S8 †) as the nanoparticle dislikes to be surrounded by water. The location in the membrane for the nanoparticle is more likely near the rst-contact region because water molecules tend to escape from the transient pore in the rst-contact region aer the collision.
For the hydrophilic nanoparticle, it can reach deeply to the opposing lipid layer aer penetrating through the rst lipid layer, followed by recovery of the spherical shape of the vesicle while Z increases slightly (t $ 0.3 ms). Thereaer, the nanoparticle continues to be in contact with the membrane from inside (see the snapshot at t $ 4.5 ms and Movie S9 †) and maintains this state for more than 20 ms in the simulation.
For the Janus nanoparticle with the initial orientation as shown in Fig. 1b2 , the orientation of the Janus nanoparticle starts to change right aer the collision (t $ 0.04 ms) due to the adsorption of lipid molecules on the hydrophobic side. Then the nanoparticle self-rotates 90 degrees as a result of the transient effect of the lipid spring, followed by a contact between the hydrophilic side of the nanoparticle and the membrane from (Each curve is plotted based on averaged data over twenty independent simulations.) For a homogeneous nanoparticle, we simply define the orientation vector as a line from the bottom pole to the top pole (in negative z-direction) at the particle's initial position. Once it is defined, the vector is fixed with the nanoparticle.
inside (t $ 0.25 ms). Aer the breakage of the lipid-spring, the nanoparticle moves around within the vesicle and eventually reaches the inner surface state with the hydrophobic side embedded in the membrane (Movie S10 †). These results indicate that the detachment state is only metastable. Given an extremely long time, the detachment state should be transformed into the true stable state, namely, the outer surface state for the Janus nanoparticle, and the bi-interface state for the hydrophobic nanoparticle.
B5 Effect of the initial orientation of the Janus nanoparticle: an intriguing self-rotation phenomenon when moving in water. First, we evaluate the probability of being in the detachment state, P DETACH , to assess the effect of the initial orientation of the Janus nanoparticle on the late-stage state. Fig. 7 shows P DETACH as a function of V 0 , particularly in low-V 0 and high-V 0 regions, where blue, green, and red bars denote the initial orientation of the Janus nanoparticle as shown in Fig. 1b1-b3 , respectively.
In the low-V 0 region P DETACH decreases with the increase of V 0 in all cases (Fig. 7a) . However, values of P DETACH are quite different, depending on the initial orientation of the Janus nanoparticle. If the hydrophilic side faces the vesicle (Fig. 1b1) , this side is rolled upward (positive z-axis direction) by the hydrophobic group of lipids as the nanoparticle gets into the middle of the lipid membrane. On the other hand, if the hydrophobic side faces the vesicle (Fig. 1b3) , this side interacts favorably with the vesicle when the nanoparticle gets into the middle of the lipid membrane. So the corresponding values of P DETACH are the smallest. In this case, the outer-surface state is most likely observed with the initial orientation of Fig. 1b3 . Values of P DETACH for the initial orientation of Fig. 1b2 are close to those of Fig. 1b1 because a portion of the hydrophilic side of the Janus nanoparticle contacts the vesicle rst. In fact, the hydrophilic side of the Janus nanoparticle tends to contact the vesicle rst provided the nanoparticle can travel sufficiently long distance. The reason is that when the Janus nanoparticle is subjected to a velocity, the orientation vector shown in Fig. 1b1 always tends to align against the velocity direction because in this way, the hydrophilic side would be in contact with the region with higher local water density. This spontaneous selfrotation of the Janus nanoparticle towards a specic orientation (Movie S11 †) when traveling in water is consistent with the experimental observation.
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As V 0 increases to 0.45 m s
À1
, P DETACH decreases dramatically for the nanoparticle with the initial orientation of Fig. 1b2 . In this case, the center of mass of the nanoparticle crosses the middle line of the membrane (see Fig. 7c ). As such, the hydrophobic side of the nanoparticle interacts favorably with the membrane, and thus the probability increases for the outer-surface state.
In the high-V 0 region, P DETACH always increases with the increase of V 0 (Fig. 7b) . Nevertheless, P DETACH for the initial orientation of Fig. 1b1 is evidently lower than that of Fig. 1b3 . In the latter case, the hydrophilic side of the Janus nanoparticle faces the vesicle. The pullback force arises aer the collision due to the adsorption of lipid molecules on the hydrophobic side like shown in Fig. 4 and 5. In the case of Fig. 1b1 , the hydrophilic side faces the vesicle. Lipid molecules do not adsorb on the surface of the Janus nanoparticle aer the collision, and as such, the nanoparticle is more likely to penetrate through the vesicle with no lipid-string attached. P DETACH for the initial orientation of Fig. 1b2 is close to that of Fig. 1b3 in the high-V 0 region although behavior of the Janus nanoparticle is similar to that in the case of Fig. 1b1 , that is, the formation and the breakage of the lipid-spring are observed (see Fig. 7d and Movie S12 †). Why do values of P DETACH in the case of Fig. 1b2 become close to those of Fig. 1b3 ? Again, this is due to self-rotation of the Janus nanoparticle while passing through the vesicle. As such, the lipid-spring is easily broken.
With the initial orientations of b1 and b3 for the Janus nanoparticle, the pathway to the outer-surface and inner-surface states appears anti-symmetrical over each other due to the exact opposite initial orientation vector for the nanoparticles. Next, on the phase boundaries between the detachment state and the outer-surface state for the Janus nanoparticle, the boundaries are shied towards the higher-V 0 region from b3 to b2 and then to b1. Furthermore, that boundary for b1 appears to be overlapping with the boundary between rebound and expulsion pathways for b5, while that the boundary for b3 appears to be overlapping with the boundary between rebound and drag-in for b4. These results suggest that the chemical nature of the incoming side of the Janus nanoparticle plays an important role in the late-stage state when V 0 is relatively low (<$0.5 m s À1 ).
On the other hand, when V 0 is relatively high (>$1.2 m s À1 ),
there is no obvious correction between the state-boundary for the Janus nanoparticle and the pathway-boundary for the homogeneous nanoparticle due to complex interactions between the Janus nanoparticle with lipid molecules while penetrating through the vesicle. Nevertheless, boundaries between the outer-surface state and the detachment state are still shied to the higher V 0 region from b3 to b2 and to b1, due to the pull-back force by the lipid-spring. Hence, the chemical nature of the rear side of the Janus nanoparticle plays a moderate role when V 0 is relatively high.
B6 Late-stage states and pathways for the collision process between a vesicle and a nanoparticle. We summarize late-stage states and pathways for the collision between a vesicle and a nanoparticle in Fig. 8 . Note that if the nanoparticle contacts with the vesicle at very slow relative speed, the homogeneous hydrophobic nanoparticle and the Janus nanoparticle should be adsorbed on the vesicle. However, for V 0 $ 0.1 m s À1 , we nd that the late-stage state is still the detachment even with the homogeneous hydrophobic nanoparticle. To understand this phenomenon, we need to introduce the characteristic time s of the system. To this end, we carry out DPD simulations for the vesicle under a uniform shear to determine the re-organization time of the lipid in the membrane. A number of shear rates ( _ g) are examined. We nd that the vesicle is broken for _ g > 21.3 ms À1 beyond which the lipids cannot assemble into a full structure such as a vesicle. We dene s ¼ 1/ _ g ¼ 46.9 ns as the characteristic time of this vesicle model.
In addition, a passing time (s p ) is dened as the vesicle radius divided by the contact velocity. Note that the contact velocity means the velocity at the time nanoparticle just starts to interact with a vesicle (see Fig. 1a) , which is about 30 to 80% of V 0 , independent of the orientation and the chemical nature of the nanoparticle surface. Now, the vesicle radius, R v , is about 14 nm. The range of contact velocities is 0.08 < V c < 1.28 m s
. Therefore, the range of passing time is 10.9 < s p < 175 ns. Based on the range of passing time, the nanoparticle can penetrate through the vesicle membrane when s p < s. Otherwise, a nanoparticle bounces back to the water due to low V c . In our simulation, s p is comparable to s for V 0 $ 0.4 m s In addition, we analyze the ip-op rate for some representative pathways. In the expulsion pathway and the capsulization (Fig. 1b1-b3) , or homogeneous hydrophobic nanoparticle (Fig. 1b4) , or homogeneous hydrophilic nanoparticle (Fig. 1b5) . V 0 is the initial velocity of the nanoparticle in the z-direction. Short notation for three late-stage states: DETACH: the detachment state (blue); INNER: the inner-surface state (red) and OUTER: the outer-surface state (green).
pathway, the ip-op rate is $150 ms À1 and 115 ms À1 , respectively. Besides, the ip-op rate in the penetration pathway is $249 ms À1 . Note that each ip-op rate is based on averaged data over four independent simulations. These values are 100 times greater than those of without collision (1.1 ms
). A reason is the reorganization of the membrane. The disordering alignment of lipids located near the pore is caused by the passing of the nanoparticle. Since the state with a pore on the opposing lipid layer is unstable, a large-scale exchange reallocation arises. Actually, in about 2 ms until a pore is closed, the vesicle becomes stable and more than 90% of ip-op is observed. The reason why the value in the penetration pathway is higher than others is the presence of two pores. Another reason is the increase of the kinetic energy in the vesicle. By the collision, the kinetic energy that a nanoparticle has is passed to the vesicle. Here, the local temperature increases by the delivery of the kinetic energy. Accordingly, the ip-op rate increases. The ip-op rate in the rebound pathway is 8.1 ms À1 .
C Analysis of discharge of water from opening pores on the surface of the vesicle
Lastly, we analyze time-dependence of the pore size A pore on the lipid membrane, the number of water N w inside the vesicle, and the mean radius of the vesicle R v aer the collision between the nanoparticle and the vesicle to gain insight into the discharging mechanism of the vesicle. geneous hydrophilic nanoparticle and a vesicle. Because the relative velocities are relatively low, the nanoparticle penetrates the lipid membrane only once at most. As expected, in the rebound pathway, R v changes only slightly at the moment of the collision, while N w and A pore exhibit no change. In either the expulsion or the capsulization pathway, the peak values of A pore and R v appear at t $ 0.1 ms. Thereaer, R v gradually shrinks during the recovery of the lipid membrane. However, A pore exhibits an increase up to t $ 1.2 ms, a trend opposite to the decrease of R v during this time period. The seemingly conict-ing trends for R v and A pore is mainly due to the discharge of incell water beads outside, evidenced by the faster reduction of N w during this period. Meanwhile, the pressure inside the vesicle also decreases due to the discharge of water beads. Interestingly, although V 0 in the case of the capsulization is higher, the corresponding pore size A pore is smaller than that of the expulsion pathway for a period of time while the pore shrinks. In the expulsion pathway, the nanoparticle tends to be located near the pore during the expulsion, thereby obstructing the reconstruction of the vesicle. The nanoparticle eventually is expelled from the vesicle as the in-cell water beads get out of the vesicle through the pore (Fig. 9b and Movie S13 †). In the capsulization pathway, the nanoparticle reaches the opposing layer of the vesicle. Hence, the vesicle simply repairs itself with the reduction of the size of the pore A pore ( Fig. 9c and Movie S14 †). Here, the reduction of in-cell water beads N w is faster initially but when the vesicle is fully recovered, the expulsion pathway looses more in-cell water molecules than the capsulization pathway (Fig. 9a) . Next, we analyze the effect of the initial orientation of the Janus nanoparticle on the time-dependence of A pore , N w and R v (Fig. 10) . Here, the Janus nanoparticle has a relatively low initial velocity V 0 ¼ 0.47 m s À1 . In all three collision processes, the latestage state is the outer-surface state but the pathway is different, i.e., reverse for b1, half-turn for b2, and normal for b3. In the latter case, there is no loss of in-cell water beads to outside, and N w is maintained as a constant (see red curve in Fig. 10b ). Unlike the homogeneous nanoparticle, A pore exhibits notable uctuation around 40 nm 2 , regardless of the initial orientation.
The pore is actually created by the embedded nanoparticle in the outer surface of the vesicle. Hence, A pore is about the same as the cross-sectional area of the nanoparticle. In the cases of b1 and b2, water beads can be released to outside of the vesicle aer the collision (t $ 0.4 ms). The Janus nanoparticle rst arrives at the middle of the membrane, and then turns around to reach the outer-surface state. During the rotation, water beads pass through the membrane (Fig. 10b) . Eventually, water outow is blocked by the cap of the nanoparticle (see Fig. 10c and Movie S14 †). The amount of discharge of water beads in b1 is greater than that in b2 since the Janus nanoparticle in b1 rotates more angles than in b2 to reach the late-stage state. These results suggest that water discharge may be controlled by imparting the nanoparticle with tailored chemical surfaces and with different initial orientations. Fig. 11 is the same as Fig. 10 but for the Janus nanoparticle with a relatively higher initial velocity V 0 ¼ 1.44 m s À1 . All three collision processes undergo the penetration pathway so that the pore is opened not only in the rst-contact layer of the membrane, but also in the opposing layer. A large number of water beads are discharged from the pore created during the extrusion of the nanoparticle in a short time t < 0.08 ms. A weak uctuation of R v is observed for t < 0.6 ms during a shrinkage process, a result consistent with experiments. [43] [44] [45] In both cases of b1 and b2, the hydrophobic side of the Janus nanoparticle initially faces away from the vesicle. When the nanoparticle passes through the rst-contact layer, the lipid membrane is stretched inward to the vesicle. When the nanoparticle passes through the opposing layer, the lipid membrane is stretched outward, and some lipid molecules are taken out to form a micelle. Due to the loss of lipid molecules, the pore is harder to close up. Consequently, more water beads leak through the pore in the opposing layer (see Fig. 11b and Movies S16 and S17 †). In the case of b3, the pore in the opposing layer closes within t $ 1.8 ms. Since the formation of lipid-spring does not occur, most water beads are discharged through the pore in the rst-contact layer (see Fig. 11c and Movie S18 †).
Conclusion
In conclusion, we have performed systematic DPD simulations to investigate translocation dynamics, in-cell water discharge, and the late-stage morphologies of the vesicle/nanoparticle system aer the collision between a nanoparticle and a vesicle. Regarding morphologies of the vesicle/nanoparticle system, we have observed three late-stage states for the Janus nanoparticle, and four late-stage states for the homogeneous nanoparticle. Selection of these states and the associated pathway depends on the initial velocity V 0 , surface chemistry of the nanoparticle, and initial orientation of the Janus nanoparticle. To settle in the stable position, spontaneous rotation and translocation of the nanoparticle are required. For V 0 < 0.5 m s À1 , the chemical nature of the front surface of the Janus nanoparticle plays an important role in the selection of the late-stage state because it is the front surface of the nanoparticle that interacts with the vesicle when the two species approach each other. In most of these cases, the nanoparticle is bounced back to the outer water due to resilience of the membrane. For V 0 > 1.2 m s
À1
, some lipid molecules can be adsorbed on the surface of the nanoparticle concomitantly with the nanoparticle passing through the opposing lipid layer. Therefore, the chemical nature of the rear surface of the Janus nanoparticle becomes increasingly important. If the chemical nature of the rear surface of the Janus nanoparticle is hydrophobic, the nanoparticle can intrude into the membrane for a wide range of V 0 due to the pull-back force by the adsorbed lipids on the surface.
We compute time-evolution of the size of the pore on the vesicle surface, the number of water beads inside a vesicle, and the mean radius of a vesicle in several pathways, and we also study the associated discharging mechanism of in-cell water beads from the vesicle. In essence, the nanoparticle can introduce a controllable release of the in-cell object. The targeted amount of discharge of the object may be achieved by changing nanoparticle's properties (the surface chemistry, the orientation, and the initial velocity). We adopted water beads as the incell object, and showed controllable release of them but roughly. For the initial velocity (V 0 $ 0.5 m s À1 ) of the homogeneous hydrophilic nanoparticle, the nanoparticle rst intrudes partially into the inner water region of the vesicle, and is then gradually pushed out of the vesicle. A pore is made on the surface of the vesicle, and the in-cell water discharges during this sequence. As a result, the release of in-cell water beads outside is more substantial than other pathways, for example the nanoparticle penetrates the vesicle, although the initial velocity is slower, i.e. the low-cost input energy to the nanoparticle. Water discharge is more substantial when the initial orientation of the Janus nanoparticle is opposite to the direction of V 0 . When the Janus nanoparticle has a relatively low initial velocity (V 0 $ 0.47 m s À1 ), it rotates to achieve a stable state aer collision with the vesicle. Each rotational angle is different depending on the initial orientation of the Janus nanoparticle, and water discharge takes place during the rotation. This result suggests that water discharge from the vesicle may be controlled more precisely by tailoring the chemical pattern on the nanoparticle surface and by changing the initial orientation of the Janus nanoparticle. Note that it is necessary to consider spontaneous self-rotation of the Janus nanoparticle due to the local water density difference. Our results can provide a guide to design the interaction between the nanoparticle and Fig. 11 (a) Time-dependent pore size A pore (upper), the number of water beads N w inside the vesicle (middle), and the average radius of the vesicle R v (lower) for three initial orientations of the Janus nanoparticle in the collision process. Blue, green, and red curves represent orientations b1, b2, and b3, respectively. Snapshots at (b) t $ 0.31 ms for b1, and (c) t $ 1.29 ms for b3.
the vesicle for the control of the discharge of the in-cell object in the drug or gene delivery, or nanoscale cargo carriers.
